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ABSTRACT  Light-evoked membrane  currents  were  recorded  with  suction  elec- 
trodes from the outer segments of individual photoreceptors enzymatically disso- 
ciated from the skate retina.  The intensity-response relation of dark-adapted cells 
closely followed a Michaelis function for which a half-saturating response was elic- 
ited  by a  flash  intensity  that  produced  about  36  photoisomerizations.  Dim-light 
responses, as well as the early rising phase of the responses to a wide range of flash 
intensities,  could be described by a reaction scheme that involved a series of four 
first-order delay stages.  The number of delay stages required  to model the rising 
phase  of the  photocurrents  did  not change in light  adaptation.  However, back- 
ground illumination that reduced sensitivity by 1.5 log units, or a bleaching expo- 
sure that resulted in a nearly equivalent desensitization, shortened significantly the 
time  scale  of  the  responses.  In  both  instances  there  were  two-  to  threefold 
increases in the rate constants of the transitional delays, and almost complete sup- 
pression  of the  tail  current  that characterized  the  response  of the  dark-adapted 
cell.  These  findings  suggest  that  although  light  adaptation  alters  the  gain  and 
kinetics of the transduction mechanism, the nature of the intervening processes is 
the  same in dark- and light-adapted  photoreceptors.  Moreover,  the  results  show 
clearly that there is no need to postulate the existence of a second class of cone- 
like rods to account for the remarkable ability of skate photoreceptors to respond 
to incremental stimuli presented on "saturating" background fields or after expo- 
sure to an intense bleaching light. 
INTRODUCTION 
There is good evidence that in some species of skate (Raja erinacea and R. oscellata), 
vision is mediated solely by rods, the visual cells that give rise to nocturnal vision in 
the duplex  (rod-cone) retinae  of other vertebrates.  The photoreceptors have a uni- 
form, rod-like appearance (Dowling and Ripps,  1970; Szamier and Ripps,  1983), the 
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aspartate-isolated receptor  potential  of the  dark-adapted  retina  exhibits  the  high 
sensitivity characteristic of rod-mediated vision (Dowling and Ripps,  1972; Green et 
al.,  1975),  and  only  one  vitamin  Al-based  photopigment  (rhodopsin)  has  been 
detected  by  reflection  densitometry  (Dowling and  Ripps,  1970)  and  transmission 
spectrophotometry (Brin and Ripps,  1977). 
But unlike the situation in other vertebrates, the rod mechanism in skate is able to 
resolve  rapidly  flickering  light  (Green  and  Siegel,  1975),  and  is  capable  of 
responding to incremental  stimuli in the presence of intense background illumina- 
tion  that  should  thoroughly  saturate  the  rod  photocurrent  (Dowling  and  Ripps, 
1970,  1971,  1972,  1977). These cone-like properties have created a lingering doubt 
as to whether there exist in the skate retina two classes of visual cells that are mor- 
phologically and  photochemically indistinguishable, but  which  behave  functionally 
like the rods and cones of mixed retinae. Conversely, if a  single cell type is subserv- 
ing  vision  in  this  elasmobranch,  it  would  be  of interest  to  examine  its  unusual 
response  properties under  conditions that  remove  the  influence of inter-receptor 
coupling  or  feedback  from  second-order  cells.  Both  of  these  issues  have  been 
addressed in the present study, in which we have recorded with suction electrodes 
the  photocurrent  of solitary photoreceptors under  dark- and  light-adapted condi- 
tions. 
MATERIALS  AND  METHODS 
Skates (R.  erinacea and R.  oscellata)  were netted in the deep waters of Vineyard Sound and 
maintained in cold, aerated seawater tanks. After at least 2 h in complete darkness an animal 
was anesthetized (0.1% 3-aminobenzoic acid ethyl ester, tricaine, MS 222) and pithed, and the 
eyes were removed under dim red light. All subsequent manipulations were performed under 
deep red or infrared illumination with the aid of an IR-sensitive image converter. The globe 
was sectioned equatorially, the posterior segment was drained of vitreous, and the retina was 
separated from the eyecup and transferred to a plastic centrifuge tube containing 0.2 ml (163 
units) papain (3125; Sigma Chemical Co., St. Louis, MO) preactivated with 3 mg cysteine in 5 
ml of a modified culture medium (Leibowitz L-15; GIBCO Laboratories, Grand Island, NY). 
To maintain normal osmolarity, the L-15 was supplemented with  102  mM  NaCI, 350  mM 
urea, 5.5 mM glucose and adjusted to pH 7.7-7.8 with concentrated NaOH. After 45 min 
incubation, the tissue was washed twice (2 ￿  5  min)  in  15  ml of the enzyme-free medium, 
drained of fluid, and immersed in 3 ml of the modified L-15. The retinas were then disrupted 
by repeated passage (20 ￿  through the flame-polished tip of a  Pasteur pipette. Clumps of 
retinal tissue settled to the bottom of the tube (for later trituration if needed), leaving large 
numbers of isolated photoreceptors and small clusters of visual cells as the predominant con- 
stituents of the supernatant. 
An aliquot of the suspension was placed on a glass coverslip mounted on the stage of an 
inverted microscope that was housed in a light-tight, electrically shielded enclosure. An open- 
sided fluid-filled chamber was formed between the coverslip and the cone of a  10 x  water 
immersion  objective that  served as the  final element of a  dual-beam photostimulator (cf. 
Cornwall et al.,  1983).  The optical system provided test and adapting fields that could be 
controlled independently with respect to intensity, duration, and spectral composition. For 
this study, the stimulus fields illuminated uniformly the area viewed by a  40x  microscope 
objective that  imaged the specimen field onto  the  screen of an  IR-sensitive video system. 
Photometry with the aid of a calibrated photometer (model 80X; United Detector Technol- 
ogy, Hawthorne, CA) at the plane of the preparation indicated that the photon flux delivered CORNWALL  ET AL.  Photocurrents  of Skate Rods  635 
by the unattenuated  "monochromatic" CAm~  = 500 nm) test beam was 7.49  x  106 photons 
t~m -2 s-I; that of the background (or bleaching) beam ()%~ = 560 nm) was 1.92  x  107 pho- 
tons #m -2 s -~. The interference  filters in the two chromatic beams had half-bandwidtbs of 
-10 nm. 
The outer segment of an intact photoreceptor (either single or from amongst a small clus- 
ter) was drawn into the tip of a glass micropipette that had been shaped and fire-polished to 
fit snugly around the cell  membrane.  The pipette  was filled with an elasmobranch  Ringer 
solution (Lasater et al.,  1984) that was also used to superfuse the exposed rod inner segment 
during an experimental run. The solution in the barrel of the pipette was in electrical contact 
via a Ag/AgC1 pellet with the input stage of a current-to-voltage converter (EPC-7; List-Elec- 
tronic, Darmstadt, FRG), the output of which was amplified, displayed on an ink-writing oscil- 
lograph  (Gould  Inc., Cleveland,  OH),  and  recorded on an FM tape  recorder  (Racal  Rec- 
orders Ltd., Hythe, England). The return of the virtual ground configuration was connected 
to the superfusion chamber by a Ringer-filled agar bridge through a second Ag/AgCI pellet. 
For analysis,  the responses  were  replayed through an active low-pass filter  (8-pole  Bessel; 
Frequency  Devices  Inc.,  Haverhill,  MA),  and  digitized  using  the  software  package 
ASYSTANT+ (Asyst Software Technologies Inc., Rochester, NY). 
RESULTS 
Isolated Photoreceptors 
The micrographs of Fig.  1  show examples  of the two cellular configurations  from 
which current recordings were obtained.  Responses from an individual cell within a 
cluster  (top)  did  not differ  in  any obvious way from those  obtained  in  recordings 
from the dissociated cell (bottom). The dimensions of the outer segments of isolated 
photoreceptors  (n =  92) did not vary by more than 0.4 #m from the mean values of 
3.41  #m diameter,  28.7 #m length. 
Current Responses  of Dark-adapted Cells 
Fig. 2 A shows current recordings from the outer segment of a skate rod in response 
to a  series  of 220-ms  flashes  of monochromatic light  (hm~ =  500  rim)  that  extend 
over an intensity range of 1.94 photons #m  -2 to 1.64  ￿  10 4 photons #m -2.  In each 
instance, upward deflections represent a decrease in the cell's dark current; i.e., the 
closure  of  light-activated  channels  in  the  outer  segment  membrane.  Although 
response kinetics will be considered later  (see Fig. 3), it is apparent that the time to 
peak  decreased  with  increasing  intensity,  and  that  beyond  response  saturation 
(I >  200 photons ~m -~) the duration of the current plateau increased as the inten- 
sity increased.  For this cell,  the maximum light-evoked current  (Rmax) was  19.5  pA, 
and the flash intensity (a) required  to elicit a half-maximal response was ~ 14.7 pho- 
tons #m -2. 
Complete  intensity-response  functions  were  derived  from  current  recordings 
obtained on 26 dark-adapted  rods.  The mean values of Rm~ and ~r were  12.39  pA 
(_+0.61  SEM) and 9.20 photons #m -~ (_+0.94 SEM), respectively. As noted in earlier 
reports (cf. Baylor et al.,  1979b), the variability in these parameters is attributable  in 
part  to variations  in the  length  of the  outer segment drawn into the  suction elec- 
trode,  and  in part  to differences  in the  seal  resistance  between  electrode  and  cell 
membrane.  The  results,  shown  graphically  in  Fig.  2 B,  indicate  that  the  averaged 636  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY. VOLUME  94  ￿9 1989 
FIGURE  1.  Photomicrographs of enzymatically isolated skate rods. (Top) A cluster of photo- 
receptor cells.  (Bottom) A single isolated cell.  Bars,  10 #m. 
data, normalized with respect to Rma  x and a, are described well by an equation of the 
form: 
R  =  R~  [I"/(I"  +  a")],  (1) 
where  R  is  the peak current  (pA)  elicited  by a  flash of intensity I  (photons #m-2), 
and  n  is  a  constant.  Using the  nonlinear  curve-fitting routine  of ASYSTANT+  to 
generate a  least-squares  fit through the data (continuous line)  gave a  value for n  of 
1.07; i.e.,  the curve closely approximates  a  Michaelis  function for which n  =  1. CORNWALL  ET AL.  Photocurrents  of Skate Rods  637 
Response Kinetics of Dark-adapted  Rods 
In toad rods  (Baylor et al.,  1979a,  1980;  Matthews,  1983)  the  kinetics  of the light 
response  can be modeled by a  series  of reactions  that incorporate  four first-order 
delays,  i.e.,  four linear  stages  (with appropriate  rate constants)  in the transduction 
process. A  similar number of stages appear to be involved in shaping the membrane 
current  of skate  rods  in  response  to dim-light  flashes.  Fig.  3  shows  the  temporal 
course of the light-evoked current (average of responses from 21 cells) produced by 
photic  stimuli  in  the  lower (linear)  region  of the  intensity-response  function.  The 
curves drawn  through  the  data represent  the  Poisson and  Independent Activation 
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FIGURE 2.  Responses of dark- 
adapted skate rods.  (A) Super- 
imposed  traces  of  photocur- 
rents  recorded  from the outer 
segment of a dark-adapted rod 
in  response  to  220-ms  light 
flashes  (stimulus  marker shown 
on  upper  trace).  The  light  in- 
tensity was increased from 1.94 
photons  ,um -~  to  1.64  x  104 
photons #,m -2 in steps of ~0.5 
log units.  (B) Normalized inten- 
sity-response function from 26 
cells.  The  peak  amplitudes 
recorded  with  different  fl~sh 
intensities  were  normalized 
with  respect  to  the  maximum 
response  of each  cell,  and  the 
data  were  positioned  on  the 
scale  of  abscissae  by  sliding 
each  intensity-response  func- 
tion laterally  to coincide at the 
mean value of a, the light inten- 
sity  producing  a  half-maximal 
response.  The curve is a  least- 
squares fit to Eq.  1. 
expressions of Baylor et al.  (1979a)  and Matthews  (1983),  modified to describe  the 
response  to a  220-ms light pulse.  Thus for a light pulse of finite duration  (At): 
R(t)  = p(t)  -  p(t -  At); p(t <  0) =  0,  (2) 
where R(t) is the photocurrent at time t after the onset of the stimulus and p(t) is the 
response  to a  light  step  (At approaches  infinity)  for the  two  models  described  by 
Fuortes and Hodgkin (1964,  Eq.  10) and by Baylor et al.  (1974,  Eq.  40), i.e.: 
n--] 
(Poisson)  p(t) = k(Ie/a){1  -  e -"t ~  [(at)']/r!}  (3) 
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(Ind. Act.)  o(t)  =  k(IF/a)(1  -- e-~L)"  (4) 
where Iv is the flux density of the incident light (photons/zm-2s-1), k is a proportion- 
ality constant that relates  light intensity (through quantal  absorption)  to photocur- 
rent,  and n  is the number of low-pass filters with equivalent rate constants a  (Pois- 
son).  In the  case  of Independent  Activation,  the  rate  constants  for a  series  of n 
filters is na,  (n  -  1)ct ....  ct. For skate rods, the Independent Activation scheme with 
four stages of delay and a  =  2.26 s -1 provided the best fit to the low-intensity flash 
data. 
An alternative  method  for estimating  the  value  of n  (Bayior et al.,  1979a;  Mat- 
thews,  1983) also revealed that the shape of the light response can be approximated 
by a series of four delay stages. A  double-logarithmic plot of (R/I)  against time after 
flash onset enables one to examine the kinetics of the early, presumably linear por- 
tion of the responses to brighter flashes.  Because the rising phase of the responses 
occurs during the light pulse (i.e., analogous to a step of light), the number of delay 
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FIGURE 3.  Membrane  cur- 
rent  response of dark-adapted 
skate rods to dim-light flashes. 
The  points  show  the  time 
course of the normalized aver- 
age of 21  responses to 220-ms 
dim-light  flashes  (upper  trace). 
The continuous line is a  least- 
squares  minimization  of  the 
data to Eq. 2 for Independent 
Activation  with  n  set  at  four 
stages,  and a  rate  constant  of 
2.26  s -1.  The dashed  line is  a 
fit  of  the  Poisson  model  of 
equation  2,  also  with  four 
stages; the rate constant is 4.61 
S -1 " 
stages is obtained  from the  slope of the  steeply rising portion of the curve.  Fig.  4 
shows the results of such a plot for the responses of Fig. 2 A. The filled circles are a 
plot of Eq.  2  for independent  activation with a  =  2.60 s -~ and n  =  4. Comparable 
results  were  obtained  with  four  other  rods  on  which  kinetic  analyses  were  per- 
formed. 
Responses  of Light-adapted  Cells 
Fig.  5 A  shows  current  responses  to  220-ms  light  pulses  of  increasing  intensity 
recorded  first  in darkness,  and then  21  min after  the onset of a  background light 
(~ =  560  nm)  that  delivered  1.03  x  103  photons  ~tm -z  s -~.  The  responses  of the 
dark-adapted cell, like those shown earlier  (Fig.  2), rapidly increase in amplitude as 
the  flash  intensity  is  increased,  and  reach  a  peak  (i.e.,  saturate)  at  an  intensity  of 
~200 photons ~tm-2; with higher intensities,  the plateau of the saturating response is CORNWALL  ETAL.  Photocurrents of Skate Rods  639 
prolonged, and the recovery of the dark current is delayed further by a slowly decay- 
ing "tail" current. 
Exposure to the background field at first saturated the photocurrent, and the cell 
remained  entirely unresponsive  to incremental  stimuli for almost 2  min.  However, 
after 21  min of exposure to the luminous field (at which time the light-evoked cur- 
rents had stabilized),  R~  grew to about half of its dark-adapted value.  Due to elec- 
tronic  drift  and  small  fluctuations  in  the  position  of the  suction  electrode  with 
respect to the outer segment, it was not possible to monitor accurately the changes 
in  radial  current  that  take  place  during  so  long  an  exposure.  Nevertheless,  it  is 
obvious that a  significant decrease in the sustained receptor current must occur to 
allow  for the  release  from  saturation,  the  partial  return  of the  light-suppressible 
current,  and the gradual increase in R,~. 
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FIGURE 4.  Analysis of the lin- 
earity with light intensity of the 
early  rising  phases  of  re- 
sponses  to  bright  lights.  The 
membrane  current  responses 
of  Fig.  2 A  are  replotted  on 
double  logarithmic  coordi- 
nates  after  dividing  the 
responses by the incident light 
intensity.  Note  that  due  to 
noise in the recordings at ear- 
lier  times,  the  curves  corre- 
sponding  to  lower  stimulus 
intensities  start  later  than 
those  for  higher  intensities. 
Inset  shows  the  smallest 
response on a linear scale with 
a  smooth  curve  according  to 
Eq.  2  for  the  Independent 
Activation  model  with  four 
stages and  fitted rate constant of 3.28  s -1.  Filled circles on the log/log plot are the same 
curve after dividing by the appropriate light flux.  Both the response in the linear region and 
the early rising phases of responses to brighter lights fit the model with four stages; i.e.,  the 
limiting slope of the line described by the circles is four. 
In  addition  to  the  reduction  in  Rm~, (response  compression),  there  was  also  a 
change in the waveforrn of the photocurrent.  Even relatively intense flashes did not 
evoke responses having a broad plateau,  nor did the falling phase exhibit  a  promi- 
nent tail current. None of these changes can be attributed to the effects of bleached 
rhodopsin; after 20 min of continuous exposure, the background had photoisomer- 
ized <0.5% of the rhodopsin content of the visual cell. 
Somewhat comparable results were obtained (Fig. 5 B) when a light-adapted state 
was induced by a  brief (9 s)  exposure  to a  bright background field that bleached a 
significant fraction of the visual pigment (cf. Pepperberg et al.,  1978).  In this exper- 
iment,  the  flux density  of the  bleaching beam  (1.83  x  106 photons  Nm -2 s -])  was 640  THE JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOI.UME  94 ￿9 1989 
chosen, based on preliminary data, to produce a  desensitization (Aa) similar to that 
induced by the continuous background. Taking into account the collecting area of 
the visual cell (cf.  Baylor et al.,  1979b), the number of photoisomerizations (P*) is 
given by the expression: 
P*  =  (I  F t) 2.303D~ Vx,zcr  213"(p  (5) 
where Iv is  the  radiant flux density (photons #m -2 s  l)  delivered for time t,  l)x  = 
A  background  B  bleach 
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FIGURE 5.  Membrane current responses before (DA, dark-adapted), and after adaptation to 
a background light or after exposure to a bleaching light that produced approximately equiv- 
alent desensitizations. For each part of the figure, the traces are superimposed recordings of 
photocurrents elicited by 220-ms light flashes,  with intensities increasing in steps of -0.5 log 
unit. (A) Background adaptation. The light flashes for the dark-adapted cell increased from 
0.19  x  101 to 1.64  x  104 photons ~m  -2. The lower recordings were made 21  min after the 
onset of a background light of intensity 1.03  x  103 photons #m  2 s-l; the incremental test 
flashes  increased from 6.86  x  10 ~ to  1.64  x  104 photons #m -2.  (B) Bleaching adaptation, 
from a different cell. The light flashes for the dark-adapted cell increased from 6.4 ￿  10 -~ to 
1.64 x  10 ~ photons #m -~. The lower recordings were obtained 20 min after a 9-s exposure to 
560-rim light that bleached 4-5% of the rhodopsin content of the cell. The responses are to 
test flashes that increased from 6.86  ￿  101 to 1.64  x  l04 photons #m  -~. 
0.016  ~m  -~  is  the  specific  transverse  pigment  density  at  ~kma  x  of  the  rhodopsin 
absorbance spectrum (Harosi, 1975), Vx, =  0.31  is the efficacy of light at wavelength 
~'  (560  nm) relative to  that at Xm~, (500  rim), r  and l  are  the  radius (1.7  ~m)  and 
length (28.7 #m) of the rod outer segment, 3' =  0.67 is the efficiency of isomeriza- 
tion for  absorbed quanta (Dartnall,  1957),  the  factor ~  =  0.6  is  an approximate 
correction for the use of unpolarized light incident at right angles to the long axis of 
the photoreceptor, and 2.303 transforms natural to common logarithms in convert- 
ing absorbance (D) to absorptance. 
Based on Eq. 5, P* =  1.98  x  107 represents the number of rhodopsin molecules CORNWALL  ET AL.  Photocurrents  of Skate Rods  641 
isomerized during the 9-s exposure. If the population density of rhodopsin mole- 
cules in the disc membranes of a receptor outer segment (ROS) in skate is similar to 
that seen in other species, i.e., -28,000 #m -2 (Roof and Heuser, 1982; Liebman et 
al.,  1987),  then the  nearly 2,000  disc  membranes  of a  skate  ROS  would  contain 
about 5  ￿  10  s molecules of rhodopsin, -4.1% of which were bleached in the course 
of the 9-s exposure. Estimates based on the effective molar concentration of rho- 
dopsin  in  situ  (2.7  mM)  gives a  value of 4.7%,  whereas  considering the  fraction 
bleached to be given by the expression Cb/Co =  1  -- exp (-kaTIvt), where Co and cb 
are the concentrations of rhodopsin before and after bleaching, respectively, k is the 
product of Vx, and a correction factor for dichroism, and a  is the in situ extinction 
coefficient of rhodopsin (1.56 ￿  10 -16 cm2/chromophore), yields a value of 4.4%. 
In any event, immediately after the bleaching exposure there was again a period of 
-3 min during which the cell was entirely unresponsive to photic stimulation, but in 
darkness  the cell gradually regained its ability to respond to test flashes. After the 
responses had  stabilized  (lower traces  of Fig.  5 B),  there was  clearly a  significant 
degree of response compression (i.e., the maximum photocurrent was less than half 
of its prebleach [DA] value), and response kinetics resembled that seen in the pres- 
ence of a luminous background. 
Fig. 6 compares intensity-response data obtained in the course of the background 
and bleach experiments shown in Fig. 5. For the earlier times during the two exper- 
imental runs, the amplitudes of the current responses were changing rapidly as the 
cells light adapted. Accordingly, the times indicated represent only the start of the 
intensity series,  and  none of the  curves are  comparable to the  intensity-response 
functions obtained under steady-state conditions, i.e., after 21  min in the presence 
of the background field, or after 20 min in darkness after the bleaching exposure. 
Using the value of a  as an  index of sensitivity, it is  apparent  that  the changes in 
sensitivity (Aa)  that were  reached ultimately were comparable;  i.e.,  1.47  log units 
with background adaptation, and 1.51 log units after the bleach. Thus, nearly equiv- 
alent losses in sensitivity occurred in the presence of weak background illumination 
that  initially saturated  the  photocurrent  (Fig.  6 A),  or in  darkness  after a  photic 
exposure that bleached ~4-5% of the rhodopsin content of the visual cell (Fig. 6 B). 
Moreover, when plotted as R/Rm~x (not shown but see legend to Fig.  6) each final 
data set is adequately described by Eq. 1 with n of -1; i.e., of the form shown in Fig. 
2B. 
Kinetics of the Light-adapted  Cell 
The double logarithmic plots of Fig.  7  provide a  comparison between the kinetic 
parameters of dark-adapted cells with those that result from background (Fig. 7 A) 
and bleaching (Fig. 7 B) adaptation. The data, taken from the recordings of Fig. 5, 
show the sensitivities of responses to a series of test flashes given both in darkness 
and after the photoreceptor had stabilized to the prevailing level of light adaptation. 
It is particularly noteworthy that in all cases, the function plotted according to the 
Independent Activation model (cf. Eqs. 2 and 4) for n  =  4 describes well the shape 
of the responses to low-intensity flashes (see insets), and provides a good fit to the 
rising phase of all the current responses. Thus, there appears to be no change in the 642  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY ￿9 VOLUME  94  .  1989 
number of low-pass filter stages required to model the photocurrents of light- and 
dark-adapted receptors. 
Baylor et al.  (1979a)  showed  that  background  illumination accelerated the  cur- 
rent responses of toad rod outer segments to dim incremental stimuli. The inset of 
Fig.  7  shows  that  in skate both  background  and  bleaching adaptation produced  a 
significant reduction  in  the  time-to-peak (tp~,)  of the  threshold responses  to dim- 
light flashes. In the case of the background, t~  fell from 0.61  to 0.29  s (a drop of 
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FIGURE 6.  Changes in the re- 
lationship  between  peak  re- 
sponse  amplitude  and  light 
intensity  during  background 
adaptation  and  after  pigment 
bleaching. The data points are 
peak amplitudes of membrane 
current  responses  to  220-ms 
flashes  plotted  against  the 
logarithm of the light intensity. 
Data obtained  from  the  same 
two  cells illustrated in  Fig.  5. 
In both panels, the data points 
have  been  fitted  by  least- 
squares minimization to Eq.  1. 
For  the  responses  in  steady- 
state, the curve fits were con- 
strained to have the same value 
of the exponent n in this equa- 
tion as that for the best fit for 
the  dark-adapted  cell.  (A) 
Background  adaptation.  The 
times indicated are with refer- 
ence to the onset of the back- 
ground  light  (see  text  for 
details). At 21 min, the cell had 
reached a steady state, and the 
change in sensitivity (Aa) was  + 1.47 log units; the value of n was 1.13. (B) Bleaching adapta- 
tion for the conditions given in the legend to Fig. 5. The times indicated are times after the 
9-s bleaching exposure. At 20 rain, when the responses indicated that the cell had reached a 
steady state, the change in sensitivity (Aa) was  + 1.51  log units; the value of n was 0.90. 
53%); after the bleach, t~,  fell from 0.77 to 0.43 s (a reduction of 44%). Moreover, 
both  forms of light adaptation produced marked increases in the rate constants of 
the linear portion of the responses to brighter flashes: 2.7-fold with the background 
field,  and  2.1-fold  as  a  result  of  the  bleach  (see  legend  to  Fig.  7).  Intracellular 
recordings from toad rods (Leibovic et al., 1987) also show that background adapta- 
tion exerts a  greater effect on response kinetics than a bleaching exposure that pro- 
duces an equivalent toss of sensitivity. CORNWALL  ET AL.  Photocurrents  of Skate Rods  643 
The Effects of Large Bleaches 
The results of Figs. 5 A and 6 A indicate how effectively the skate photoreceptor can 
adapt  to  a  continuously illuminated field that  initially saturates  the  photocurrent; 
i.e., with time, the cell regains its ability to respond to incremental stimuli. In fact, 
the  same  phenomenon  can  be  demonstrated  with  background  fields  100x  more 
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FIGURE 7.  Analysis of the  linearity 
with light intensity of the early rising 
phases  of responses to bright lights 
before and after background adapta- 
tion and before and after bleaching 
adaptation.  The  membrane  current 
responses of Fig. 5  are replotted on 
double logarithmic coordinates after 
dividing the  responses  by  the  inci- 
dent  light intensity.  Insets show  the 
smallest responses  on  a  linear scale 
after  normalization  to  the  peak 
value; the  smooth curves  are drawn 
according to Eq.  2  for the Indepen- 
dent  Activation  model  with  four 
stages. The  filled circles on  the log/ 
log plots are the same curves before 
normalization  and  after  dividing 
by  the  appripriate  light  flux.  (A) 
Background  adaptation.  The  slower 
response  in  the  inset  was  for  the 
dark-adapted  cell,  having  a  peak 
amplitude of 2.2 pA, and a fitted rate 
constant  of 2.49  s -~.  The  faster re- 
sponse was for the light-adapted cell: 
peak amplitude 2.8  pA, and the fit- 
ted  rate  constant  was  6.76  s -l.  (B) 
Bleaching  adaptation.  The  slower 
response  in  the  inset  was  for  the 
dark-adapted cell, with a peak ampli- 
tude of 1.9  pA, and a  rate constant 
of 1.86  s -1. The faster response was 
for  the  light-adapted  cell:  peak 
amplitude 2.1  pA, and the fitted rate 
constant was 3.97 s -1. 
intense (not shown), although the time required for the cell to become responsive is 
then  greatly prolonged (>30  rain), and a  is shifted far to the right on  the scale of 
abscissae  (cf.  Dowling and  Ripps,  1972).  Very similar changes  in time course  and 
sensitivity were seen when light adaptation was induced by a  30-s photic exposure, 
calculated  to  bleach  ~86%  of  the  rhodopsin  content  of  the  photoreceptor.  As 644  THE JOURNAL OF GENERAL PHYSIOLOGY ￿9  VOLUME 94  .  1989 
shown in the upper recording of Fig. 8 A, the initial exposure had a profound effect 
on the response; only after ~40 rain in darkness was the cell again responsive to test 
stimuli.  However,  another  30-s  full  intensity exposure  delivered after  96  min of 
"dark  adaptation,"  evoked a  vigorous (but smaller) response from which  the  cell 
recovered in <30 s despite the fact that no pigment regeneration had occurred after 
either bleach. With ~98% of the available rhodopsin bleached, the same stimulus, 
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FIGURE 8.  Effects  of  intense 
bleaching light.  (A)  Photocur- 
rents elicited by 30-s  steps  of 
unattenuated  light  (500  nm) 
from  the  test  beam,  first in a 
dark-adapted  cell  (top  trace), 
then  96  rain  after  the  initial 
exposure  (middle  trace),  and 
finally, after  an  additional  11 
rain  of  darkness  (bottom  trace, 
107  rain after  the  initial 30-s 
bleach). The time course of the 
light  stimulus  is  indicated 
above  the  traces.  (B)  Re- 
sponse-intensity  functions  of 
the cell shown in A, taken first 
in  the  dark-adapted  state 
(.filled  circles),  and again after 
93  rain  in darkness  following 
the  initial  30-s  bleach  (filled 
squares).  The  smooth  curves 
through the  filled  circles (left) 
and filled squares (right)  were 
drawn  according  to  Eq.  1 
where R~x =  12.5 pA, a  =  6.6 
photons  /zm  -2,  and  n  =  1.2; 
and R=x =  5.5 pA, a  =  1.0  x 
10 4  photons  #m  2,  and  n  = 
1.1,  respectively.  Responses 
shown beside these curves are 
representative  of  data  from 
which  tbe  curves  were  con- 
structed. 
given 10 rain later (trace at 107 min), evoked a  response that was 40% of the maxi- 
mum  photocurrent  recorded  from  the  dark-adapted  cell.  Moreover,  there  was 
almost  no  post-stimulus desensitization; i.e.,  the  current  rebounded  beyond  its 
newly established dark level at light offset. 
Fig. 8 B shows intensity-response data to 220-ms flashes obtained from the dark- CORNWALL ET AL.  Photocurrents  of Skate Rods  645 
adapted cell, and then 96 min after the initial bleaching exposure. The two sets of 
data are described well by the same Michaelis function, although there is clearly a 
significant degree of response compression, (V.~)d =  12.7 pA, (Vm~,)b =  5.1 pA, and 
a shift in a of >3 log units. 
DISCUSSION 
The results of this study demonstrate that a  single class of photoreceptor in skate 
displays the full complement of adaptive properties reported earlier for the aspar- 
tate-isolated  receptor  potential  (Dowling  and  Ripps,  1972)  as  well  as  for  the 
responses of second- and  third-order retinal neurons  (DoMing and  Ripps,  1970, 
1971, 1977, Green et al., 1975; Naka et al., 1988). Thus, there is no need to invoke 
hypotheses  involving feedback mechanisms,  receptor coupling,  or  two  classes  of 
visual cell to account for the remarkable range of intensities over which the skate 
visual system operates. 
At the low end of this range, the dark-adapted photoreceptor is a supremely sen- 
sitive  photon  detector  (Hecht et  al.,  1942).  For  500  nm  light,  a  half-saturating 
response is elicited by a  flash intensity of 9.19 photons ~m -2  (Fig.  2 B).  Inserting 
this value for IF't, and Vs00 =  1 in Eq. 5 indicates that a corresponds to ~36 photo- 
isomerizations, a  value that falls within the range of sensitivities (20-60 photoiso- 
merizations) reported for red and green rods of the toad (cf. Matthews,  1983) as 
well as for rods of the cynomolgous monkey (Baylor et al., 1984). Also noteworthy is 
the observation that light-evoked responses of -1  pA were detectable with stimuli 
1.5  log units less intense,  i.e., corresponding to single isomerizations. These dim- 
flash responses had peak times of ~0.8 s at 21~  comparable to that of rods from 
other cold-blooded vertebrates (Baylor et al.,  1983; Lamb,  1984). 
The kinetics of the light-suppressible currents provide additional insight into the 
response properties of skate visual cells. In the dark-adapted state, the responses to 
weak flashes are described well by equations derived by Baylor et al. (1974) to esti- 
mate  the number and  rate  constants  of the  hypothetical delay stages  intervening 
between quantal absorption and the closure of membrane channels mediating the 
receptor's  dark  current.  Based  on  their  scheme  for  independent  activation,  the 
mean values of n  =  4 and ot =  2.26 s -1 we obtain for skate are in good agreement 
with results reported in previous studies of toad rods (Baylor et al., 1980; Matthews, 
1983). 
Interestingly, the number of delay stages required to shape the rising phase of the 
photocurrents did not change in light adaptation, regardless of whether the adapta- 
tion was induced by a background field that reduced sensitivity by 1.5 log units, or 
by a bleaching exposure that resulted in a nearly equivalent sensitivity loss. In both 
instances there were two- to threefold increases in the rate constants of the transi- 
tional  delays,  a  pronounced shortening of the  time-to-peak of the  response,  and 
almost complete suppression  of the prolonged tail current that characterized the 
responses of the dark-adapted  cell.  The sharpening of the response waveform in 
light adaptation helps to explain the ability of skate photoreceptors to resolve rap- 
idly flickering light at high intensities (Green and Siegel, 1975). 
Despite the marked changes in response kinetics with light adaptation, stimulus- 646  THE JOURNAL  OF GENERAL PHYSIOLOGY ￿9 VOLUME 94 - 1989 
response functions, obtained when the responses had stabilized to prevailing condi- 
tions, were similar in form to that of the dark-adapted preparation; i.e., described by 
Eq.  1 in which n  =  1 (Michaelis). This observation, and the fact that the number of 
delay stages  remains unchanged, suggests that  although light adaptation modifies 
the  gain  and  kinetics  of  the  transduction  mechanism,  the  same  processes  are 
involved in regulating sensitivity and time course within the outer segments of dark- 
and light-adapted cells (cf. Baylor et al.,  1980). 
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